Well-crystallized Pd nanoclusters supported on Ketjen Black (KB) were successfully fabricated when Pd wires were served as an electrode pair by a solution plasma technique at atmospheric pressure. The synthesis of Pd nanoclusters was almost simultaneous with their dispersion on KB. Pd nanoclusters with the average diameter of about 2 nm were equably distributed on KB, and showed good electrochemical property corresponding to their obvious characteristic peaks. Multi-scan cyclic voltammetry and chronoamperometry clarified that as-prepared Pd nanoclusters have better electrochemical stability in alkaline solution than that of in acidic solution. Thus as-obtained Pd nanoclusters would become a promising electrocatalyst for fuel cells or Li-air batteries.
Introduction
Noble metal nanoparticles are attractive catalytic materials on account of their novel optical, electrical and magnetic properties compared with bulk solids. In particular, carbon supported Pt nanoparticles are commonly used as electrochemical catalysts for hydrogen oxidation, methanol oxidation and oxygen reduction in low temperature fuel cells [1] [2] [3] [4] . But Pt nanoparticles cannot be used for large-scale applications and alternative materials because of the elevated price and limited resources. Moreover, Pt is readily poisoned by trace carbon monoxide when used as anode material, and Pt alone does not show satisfactory electrochemical activity for the oxygen reduction reaction when used as cathode material. Pd could be a good substitute for Pt as a catalyst by reason of similar properties, lower cost and abundant source [5] . Recently Pd nanoparticles have been widely used as a catalytic material for various reactions in different fields because their wide catalytic activities toward oxygen reduction of Li-air battery, biosensing, CO oxidation and catalytic material of low temperature fuel cells [6] [7] [8] [9] [10] [11] [12] [13] .
Various synthesis methods of supported Pd nanoclusters have been surveyed. Pd nanoparticles with the size range of 2.2 to 6 nm were obtained using plasma gas-condensation method which conducted by controlling the sputtering discharge power and inert gas flow rate [14] . Cubic Pd nanoparticles synthesized by seed-mediated growth approach with the size of 23 to 30.8 nm showed well electrocatalytic activity towards reduction of oxygen [6] . Pd nanoparticles with the average size of 3 nm were prepared using Pd salts, reducing agents and stabilising agents [15] . Hydroxyapatite-supported Pd nanoclusters with a mean diameter of 3.8 nm were fabricated by the treatment of a hydroxyapatite with PdCl 2 (PhCN) 2 [16] . Pd nanoparticles with the diameter of 2.4 to 3.2 nm were prepared by biphasic approach with controlling temperature, pressure, reaction time, pH, catalyst concentration and stabilizer [17] . Pd/C promoted with nanocrystalline oxides electrocatalysts were prepared by the intermittent microwave heating [18] . Fivefold twinned Pd nanorods were fabricated by an electrochemical method [19] . Highly ordered Pd nanowire arrays electrodes were synthesized by the anodized aluminum oxide template-electrodeposition method [20] . The dendritic Pd nanostructure was prepared by a simple wet chemical method [13] . However, these processes require multiple steps, strict control conditions or the use of chemical agents such as stabilizer and reductant. Moreover, it is well known that moving downward in size, physical properties and electronic structure start to change at about 3.0 nm, and they become rapid at about 2.0 nm. Thus when Pd nanoclusters were served as a most efficient catalyst, their particle size must be much smaller and they can be well dispersed on a high surface area supporting materials such as Ketjen Black.
To solve these problems, a new technique is urgently required to fabricate Pd nanoclusters with good electrocatalytic activity for their potential applications. Solution plasma sputtering is a new technique for synthesis of nanoclusters in a solution by the aid of bombardment of the rapid highly energetic electrons and radicals to the electrode's surface. The as-obtained nanoclusters directly derived from themselves metal electrodes without any additions. The synthesis was performed under atmospheric pressure in an open system. Less than 2.0 nm clean gold nanoclusters [21] and carbon-supported highly dispersed platinum nanoclusters with the average size of 2.0 nm [22] have been fabricated by this technique in our previous work.
In this study, we reported a one-step, facile and controllable route for more efficient fabrication of carbon-supported Pd nanoclusters from their metal wire electrodes by solution plasma sputtering. As-obtained Pd nanoclusters showed well electrochemical activity, and their long-term electrochemical stability was investigated.
Experiments

Materials
Palladium metal wires with the diameter of 1.0 mm (Aldrich, 99.9%) were used as opposite electrodes. Ketjen Black (KB, Mitsubish chemical Co.) was used as supporting materials. Super-pure water was selected as a solvent medium.
Equipment
The experiment setup and online inspection for Pd nanoclusters by a solution plasma sputtering technique is shown in Fig. 1 . The palladium wires were served as opposite electrodes, and immersed into a well dispersed KB aqueous solution. The gap between the electrodes was maintained at 0.3 mm by a screen ruler during discharge according to our previous experimental data. Discharge was generated using a high voltage pulsed DC power supply without an inert gas (repetition frequency: 15-20 kHz, pulse width: 1-2 μs). In order to clarify formation mechanism of Pd nanoclusters, plasma sputtering was also carried out in water without KB supporting materials. Optical emission spectra of plasma derived from Pd to Pd electrode pair in water was detected online during discharge using a spectrometry (AvaSpec-2048XL, Netherlands) in the range of 200-1000 nm. The in situ current and voltage between the electrode pair were detected using a digital storage oscillo-scope (TDS1012C-SC, 100 MHz, 2 channels, Tektronix) with a high-voltage probe and a current probe. The temperature of solution was kept to about 20 1C by a cooling system throughout the entire discharge process. Previous experimental results showed that the nanoparticles loading amount are dependent upon the discharge time. Thus the loading amount of nanoclusters on KB was controlled to be almost the same (about 30 wt%) by adjusting the discharge time in this study.
Characterization
The morphology and microstructure of Pd nanoclusters were observed by a transmission electron microscopy (HR-TEM) in JEM-2100F (JEOL, Japan) operated at 200 kV. Transmission electron microscopy (TEM) samples were prepared by directly dropping the aqueous solution containing KB-supported Pd nanoclusters onto a copper grid with ultrathin (about 6 nm) amorphous carbon film. Cyclic voltammetry (Zennium Electrochemical workstation, Germany) was applied to evaluate the electrochemical properties of as-obtained nanoclusters using a three-electrode system consisting of a glassy carbon working electrode (GCE, φ¼ 3 mm, geometrical area of 0.07 cm 2 ), a spiral platinum wire counter electrode (φ ¼ 0.1 mm), and an Ag/AgCl electrode (saturated 3.5 M KCl aqueous). The working electrode was prepared as the follows: A 2 mL ethanol-suspension solution including carbon-supported Pd nanoclusters was obtained by ultrasonic dispersion for 30 min with 6 mL of 5% Nafion aqueous. A droplet (8 mL) of the well-mixed ethanol-suspension solution was placed on the surface of clean glassy carbon electrode and kept up 
Results and discussion
Plasma was generated using a high voltage pulsed DC power supply in water. Fig. 2 shows that in situ waveforms of voltage and current in plasma straight ahead and plasma occurred between the electrode pair. Before plasma sputtering, the current increased along with increasing voltage in Fig. 2(a) . Upon reaching the breakdown voltage of about 4000 V, plasma sputtering occurred along with visible emission spectra. The waveforms of voltage and current obviously changed when plasma was supplied as shown in Fig. 2(b) . The voltage quickly reached about 1000 V, and then quickly decreased during the repetition. Meanwhile, the current increased up to a maximum of about 5 A, and then decreased looking like bilateral symmetry.
The light emission spectra derived from Pd electrode pair in water during discharge are shown in Fig. 3 . The excited states of atomic hydrogen of the Balmer series Hα (at λ¼ 656.27 nm) and atomic oxygen (at λ¼ 430.59 nm, λ¼ 507.08 nm, λ¼ 762.67 nm) were detected in the emission spectra in the water. Many atomic Pd emission spectra were also detected as the marked. These results of emission spectra clarified that Pd atoms are produced from their electrodes by plasma in the water. Thus the formation mechanism of Pd nanoclusters by solution plasma sputtering technique was supposed as shown in Fig. 4 . Pd atoms were ejected into the plasma region from their electrodes by the bombardment of highly energetic electrons and radicals. Therefore, combining the solution color change from the colorless of water to dark color, we speculated Pd nanoclusters were formed in water from their electrode. Fig. 5 shows the low-resolution, high-resolution transmission electron microscopy images of as-prepared Pd nanoclusters supported on KB. Owing to the nearly simultaneous formation and dispersion of Pd nanoclusters occurred during plasma sputtering, well-crystallized Pd nanoclusters were equably distributed on the supporting materials of KB without any aggregation and secondary growth as shown in Fig. 5(a) . The Pd nanoclusters with the average size of 2 nm had welldefined lattice fringes image as shown in Fig. 5(b) . Fig. 6 shows electrochemical activity of carbon-supported Pd nanoclusters in an aqueous 0.5 M H 2 SO 4 and 0.5 M NaOH solution saturated with N 2 and O 2 by cyclic voltammetry. In the case of 0.5 M H 2 SO 4 solution as shown in Fig. 6(a) , obvious oxide film reduction reaction of Pd nanoclusters was detected at negative-going scan from 0.55 V to 0.15 V. In the case of 0.5 M NaOH solution as shown in Fig. 6(b) , the hydrogen adsorption/desorption region between À 1.0 V and À 0.6 V (vs Ag/AgCl) was detected. The oxide film reduction reaction of Pd nanoclusters was detected at negative-going scan from À 0.2 V to À 0.5 V. Obvious oxide film reduction peaks of Pd nanoclusters were about at À 0.4 V in 0.5 M NaOH solution. And oxide film reduction current of Pd nanoclusters in O 2 -saturated solution was higher than that in N 2 -saturated solution because of more reduction reaction which caused by more oxide film generated. Thus these results of cyclic voltammograms clarified that Pd nanoclusters have good catalytic activity of oxygen reduction reaction.
In order to investigate the electrochemical stability of carbon-supported Pd nanoclusters, multi-scan cyclic voltammetry were carried out both in N 2 -saturated 0.5 M H 2 SO 4 and 0.5 M NaOH solution as shown in Fig. 7 . Fig. 7 reveals that oxide film reduction peaks of KB-supported Pd nanoclusters decreased gradually in accompany with cycle number increased in both 0.5 M H 2 SO 4 and 0.5 M NaOH solution.
In the case of 0.5 M H 2 SO 4 solution as shown in Fig. 7(a) , oxide film reduction peaks were disappeared after about 180 cycles. While in the case of 0.5 M NaOH solutions, it still showed certain electrochemical activity after about 700 cycles. These disappearing reduction peaks may be derived from that Pd nanoclusters were unstable to be dissolved into solution after long time multi-scan. And these results illustrated KBsupported Pd nanoclusters to have better electrochemical stability in alkaline than that of in acidic solution.
In order to further study the long-term electrochemical stability of carbon-supported Pd nanoclusters, chronoamperometry was tested at a given potential of À 0.45 V in N 2 -saturated 0.5 M NaOH solution. As shown in Fig. 8 , a pronounced current decayed in the first 500 s due to the accumulation of reaction intermediates, and then the current decayed slowly down at longer times. These results illustrated that as-prepared Pd nanoclusters have well electrochemical 
Conclusions
In this research, carbon-supported Pd nanoclusters were fabricated from their metal wire electrodes via a one-step solution plasma process in water at atmospheric pressure. The spherical Pd nanoclusters with the average size of 2 nm were uniformly and highly dispersed on the entire surface of KB. Cyclic voltammograms clarified that Pd nanoclusters have good electrocatalytic property corresponding to the obvious oxidation and reduction features. Multi-scan cyclic voltammetry indicated that carbon-supported Pd nanoclusters have better electrochemical stability in alkaline than that of in acidic solution. And chronoamperometry also shows that Pd nanoclusters supported on KB have well electrochemical stability in 0.5 M NaOH solution. It is suggested that asobtained Pd nanoclusters would become a promising electrocatalysts for fuel cells. And this technique provides a novel process in designing optimization of catalyst for fuel cells or Li-air battery in future. 
